The hippocampal dentate gyrus has been implicated in a neuronal basis of antidepressant action. We have recently shown a distinct form of neuronal plasticity induced by the serotonergic antidepressant fluoxetine, that is, a reversal of maturation of the dentate granule cells in adult mice. This ''dematuration'' is induced in a large population of dentate neurons and maintained for at least one month after withdrawal of fluoxetine, suggesting long-lasting strong influence of dematuration on brain functioning. However, reliable induction of dematuration required doses of fluoxetine higher than suggested optimal doses for mice (10 to 18 mg/kg/day), which casts doubt on the clinical relevance of this effect. Since our previous studies were performed in naive mice, in the present study, we reexamined effects of fluoxetine using mice treated with chronic corticosterone that model neuroendocrine pathophysiology associated with depression. In corticosterone-treated mice, fluoxetine at 10 mg/kg/day downregulated expression of mature granule cell markers and attenuated strong frequency facilitation at the synapse formed by the granule cell axon mossy fiber, suggesting the induction of granule cell dematuration. In addition, fluoxetine caused marked enhancement of dopaminergic modulation at the mossy fiber synapse. In vehicle-treated mice, however, fluoxetine at this dose had no significant effects. The plasma level of fluoxetine was comparable to that in patients taking chronic fluoxetine, and corticosterone did not affect it. These results indicate that corticosterone facilitates fluoxetine-induced plastic changes in the dentate granule cells. Our finding may provide insight into neuronal mechanisms underlying enhanced responsiveness to antidepressant medication in certain pathological conditions.
Introduction
Many animal studies have suggested that the dentate gyrus of the hippocampus is critically involved in mechanisms of action of antidepressant drugs including selective serotonin reuptake inhibitors (SSRIs) [1, 2, 3] . We have shown that the SSRI fluoxetine dose-dependently causes various effects on the mouse dentate granule cells and dentate-to-CA3 synaptic transmission mediated by the mossy fiber [4, 5, 6, 7] . Fluoxetine at 10 mg/kg/day can stabilize serotonin (5-hydroxytriptamine, 5-HT) 5-HT 4 receptordependent modulation at the mossy fiber synapse by enhancing the effect of lower concentrations of serotonin and attenuating that of higher concentrations [4] . At higher doses, fluoxetine causes a strong enhancement of the serotonergic and D 1 -like receptordependent dopaminergic modulation at the mossy fiber synapse [5, 7] . In addition, high-dose fluoxetine causes ''dematuration'', a reversal of the state of maturation, of adult dentate granule cells. The granule cell dematuration is characterized by suppression of mature physiological functions, reinstatement of high excitability of young neurons and reduced expression of molecular markers for mature granule cells [5] . One of characteristic functional properties of the mature granule cell is strong frequency facilitation, a form of presynaptic short-term synaptic plasticity, at the mossy fiber synapse [5, 8] , and the granule cell dematuration causes a marked reduction of frequency facilitation to a juvenile level in adult mice [5] . These changes in synaptic transmission and modulation are maintained for at least one month after withdrawal of fluoxetine [6, 7] , indicating a plastic nature of these effects. Therefore, the granule cell dematuration and enhanced monoaminergic modulations could be candidate neuronal processes underlying lasting effects of SSRIs in ameliorating symptoms of psychiatric disorders. However, these effects were not reliably induced at the suggested optimal dose range for mice (10 to 18 mg/kg/day) that gives rise to plasma drug levels comparable to those in patients taking chronic fluoxetine [9] and required higher doses of treatment, which raises a possibility that these are related to overdose effects of fluoxetine rather than therapeutic effects. It should be noted that our previous studies have been carried out using healthy intact mice. Responsiveness of granule cells to fluoxetine might be changed in pathological conditions. To test this possibility, in the present study, we reexamined effects of fluoxetine using mice chronically treated with the glucocorticoid corticosterone that model dysregulated hypothalamic-pituitaryadrenal (HPA) axis in major depression [10, 11, 12] . We found that chronic corticosterone facilitates effects of fluoxetine on the dentate granule cells without affecting plasma drug levels, and that fluoxetine at 10 mg/kg/day is sufficient for the robust enhancement of dopaminergic synaptic modulation and the induction of granule cell dematuration in corticosterone-treated mice.
Materials and Methods

Ethics Statement
All procedures were approved by the Animal Care and Use Committee of Nippon Medical School (Permit Number: 24-085).
Drug Treatment
Male C57BL/6J mice were singly housed from the age of 8 weeks in the institutional standard condition (14:10 light/dark cycle; lights on at 6:00 A.M. through 8:00 P.M.) at 2361uC with food and water available ad libitum. Following 1 week of acclimation, mice were treated with corticosterone (SigmaAldrich, St. Louis, MO, USA) for 7 weeks at a dose of 10 mg/ kg/day ( Figure 1 ). Corticosterone was dissolved at a concentration of 2 mg/ml in distilled water containing a vehicle (2.8% hydroxypropyl-b-cyclodextrin, Sigma-Aldrich) and diluted in the drinking water. Concentrations of corticosterone in the drinking water were determined for individual mice everyday based on the water consumption during preceding 24 h and the body weight measured every other day. The vehicle solution was diluted and administered in the same way as the corticosterone solution. Fluoxetine hydrochloride (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was added in the drinking water and administered at a dose of 10 mg/kg/day during the last 4 weeks of the treatment. In control mice, the vehicle or corticosterone treatment was continued (Figure 1 ).
Measurement of Fluoxetine and Norfluoxetine in Plasma
Concentrations of fluoxetine and its metabolite norfluoxetine in mouse plasma were determined by the high-performance liquid chromatography (HPLC) according to the previous method [13] . Trunk blood was obtained at the time of brain dissection for the electrophysiological experiments and collected into a tube containing disodium ethylenediaminetetraacetic acid (EDTA) solution as anticoagulant. The tube was immediately centrifuged at 2700 g at 4uC for 10 min. The plasma sample was stored at 280uC until analysis. A 1.0-ml volume of 0.6 M sodium carbonate-sodium bicarbonate buffer (pH 9.8) containing the internal standard protriptyline (100 ng/ml) (Sigma-Aldrich) was added to 50 ml of plasma. After the addition of 7 ml of a mixture of ethyl acetate and n-heptane (20:80, v/v), the mixture was vortexed for 1.5 min and then centrifuged at 3000 g for 10 min. The upper organic layer was transferred to another tube containing 0.2 ml of acidic phosphate buffer (0.025 M potassium dihydrogen phosphate adjusted to pH 2.3 with 85% phosphoric acid). The mixture was vortexed for 1 min and centrifuged at 3000 g for 10 min. The upper organic layer was removed by pipetting and further dried under a gentle stream of nitrogen for 10 min. Then, the residue of the aqueous phase was filtered through a 0.45-mm membrane filter. The filtrate was transferred to a tube for HPLC. The HPLC system composed of a pump with a 50-ml fixed volume autosampler and a UV detector (JASCO Corporation, Tokyo, Japan). The UV detector was set at 227 nm. The analytic column was Superspher 60 RP-8e (12564 mm inside diameter, 4 mm particle size) with a cartridge guard column (464 mm inside diameter, 4 mm particle size) (Merck, Darmstadt, Germany). The mobile phase consisted of acidic aqueous solution (containing 0.1 ml of perchloric acid and 1.5 g of tetramethylammonium perchlorate per liter) and acetonitrile (58:42, v/v). The filtered mobile phase was used at a flow rate of 1.2 ml/min. The chromatographic run time was 15 min. Retention times were between 6.7 and 7.5 minutes for the internal standard, between 8.0 and 9.2 minutes for norfluoxetine and 10.3 and 11.9 minutes for fluoxetine. To prepare standard curves, appropriate amounts of fluoxetine and norfluoxetine were added to 50 ml of control plasma to yield 1 mg/ml. This sample was prepared according to the procedure as above. Quantification was performed by calculating the peak-height ratios of fluoxetine and norfluoxetine to the internal standard using software (JASCO Corporation, Tokyo, Japan).
Electrophysiology
Mice were decapitated under deep halothane anesthesia and hippocampi were isolated. Transverse hippocampal slices (380 mm) were cut using a tissue slicer and electrophysiological recordings were performed as described [5, 14] . Recordings were made in a submersion-type chamber maintained at 27.0-27.5uC and superfused at 2 ml/min with saline composed of (in mM): NaCl, 125; KCl, 2.5; NaH 2 PO 4 , 1.0; NaHCO 3 , 26.2; glucose, 11; CaCl 2 , 2.5; MgCl 2 , 1.3 (equilibrated with 95% O 2 /5% CO 2 ). Field excitatory postsynaptic potentials (fEPSPs) arising from the mossy fiber synapses were evoked by stimulating the dentate granule cell layer and recorded from the stratum lucidum of CA3 using a glass pipette filled with 2 M NaCl. The amplitude of fEPSPs was measured on analysis as described [14] . A criterion used to identify the mossy fiber input was more than 85% block of the fEPSP amplitude by an agonist of group II metabotropic glutamate receptors, (2S,29R,39R)-2-(29,39-dicarboxycyclopropyl)-glycine (DCG-IV, 1 mM) (Tocris Bioscience, Bristol, UK). Single electrical stimulation was delivered at a frequency of 0.05 Hz for baseline recordings. Dopamine hydrochloride was purchased from Wako Pure Chemical Industries, Ltd. Serotonin hydrochloride was from Sigma-Aldrich. SKF81297 and SCH23390 were from Tocris Bioscience. All recordings were made using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA), filtered at 2 kHz and stored in a personal computer via an interface (digitized at 10 kHz).
Quantitative RT-PCR Analysis
The hippocampal slices were prepared as in the electrophysiological experiments. The dentate gyrus was dissected out of the slice under a dissecting microscope and used for reverse transcription-polymerase chain reaction (RT-PCR) analyses. NucleospinH RNA XS (TAKARA, Otsu, Shiga, Japan) was used to extract total RNA. cDNA was synthesized using PrimeScriptH RT Master Mix (TAKARA). Quantitative PCR was performed using gene specific primers and PowerSYBRH Green PCR master mix (Applied Biosystems), using the StepOnePlusH real-time PCR instrument. The followings were primer sequences used. Calbindin, 59-TCTGGCTTCATTTCGACGCTG and 59-ACAAAG-GATTTCATTTCCGGTGA; desmoplakin, 59-GCTGAAGAA-CACTCTAGCCCA and 59-ACTGCTGTTTCCTCTGAGACA; tryptophan 2,3-dioxygenase (TDO), 59-ATGAGTGGGTGCCCGTTTG and 59-GGCTCTGTTTACACCAGTTTGAG; b-actin, 59-AGTGT-GACGTTGACATCCGTA and 59-GCCAGAGCAG-TAATCTCCTTCT. PCR was carried out for 45 cycles (94uC for 15 s, 65uC for 1 m), followed by a melt curve (60uC to 95uC with 0.3uC step every 15 s). All data were normalized to b-actin and relative expression changes between conditions were calculated by the comparative CT method.
Statistics
All data are presented as means 6 SEMs. The number of data (n) represents the number of mice unless otherwise specified. Statistical significance was assessed by two-way ANOVA followed by the Bonferroni posttest with the significance level P,0.05. Statistical tests were performed using GraphPad Prism version 5.03 for Windows (GraphPad Software, La Jolla, CA, USA).
Results
Mice were treated with corticosterone at a dose of 10 mg/kg/ day for 7 weeks and also with fluoxetine at 10 mg/kg/day during the last 4 weeks (Figure 1 ). We measured plasma fluoxetine concentrations at the end of the treatment, and found no significant difference in the plasma level of fluoxetine or its metabolite norfluoxetine between corticosterone-and vehicletreated mice (Table 1) . Using this treatment regimen, we first examined the effect of fluoxetine on the hippocampal synaptic transmission in the absence and presence of corticosterone. Our previous study in naive mice has shown that chronic fluoxetine strongly suppresses frequency facilitation at the mossy fiber synapse only at higher doses (.18 mg/kg/day). Consistently, fluoxetine at 10 mg/kg/day had no significant effects on frequency facilitation induced by repetitive stimulation at 1 Hz or 0.2 Hz in the vehicle-treated mice (Figure 2A and 2B) . In the corticosterone-treated mice, however, the same dose of fluoxetine significantly reduced the magnitude of facilitation (P,0.001), and there was significant interaction between corticosterone and fluoxetine treatments (1 Hz: P = 0.0062, 0.2 Hz: P = 0.0361) (Figure 2A and 2B) . The corticosterone treatment itself appeared to have a suppressive effect on frequency facilitation. In addition, corticosterone significantly reduced paired-pulse facilitation, another form of short-term plasticity, as well, whereas fluoxetine did not affect it ( Figure 2D ). These decreases in synaptic facilitation could be due to an increase in probability of transmitter release from presynaptic terminals. However, neither corticosterone nor fluoxetine affected the ratio of fEPSP to presynaptic fiber volley amplitude ( Figure 2C ), suggesting a lack of effects of these treatments on the basal synaptic efficacy. These results indicate that corticosterone treatment can facilitate the effect of fluoxetine on frequency facilitation at the mossy fiber synapse and suggest that the phenotype of the mossy fiber synapse was altered by the fluoxetine treatment.
Mossy fiber synaptic transmission can be potentiated by dopamine [14] and serotonin [4] . Chronic fluoxetine enhances the dopaminergic synaptic modulation [7] and either suppresses or enhances the serotonergic modulation in a dose-dependent manner [4, 5] . Next we examined effects of fluoxetine on these monoaminergic synaptic modulations in corticosterone-treated mice. Fluoxetine slightly reduced synaptic potentiation induced by 5-mM serotonin in vehicle-treated mice, which is consistent with our previously results observed in a similar experimental condition [4] . In corticosterone-treated mice, however, fluoxetine caused a small enhancement of serotonin-induced synaptic potentiation on average, and there was significant interaction between corticosterone and fluoxetine treatments (P = 0.0489) ( Figure 3A) , suggesting that fluoxetine differentially affects the serotonergic modulation in the presence and absence of corticosterone. This tendency is similar to the dose-dependent switch in the direction of effects of fluoxetine on the serotonergic modulation [4, 5] . Corticosterone also changed the effect of fluoxetine on the dopaminergic modulation. Fluoxetine caused a significant enhancement of dopamine-induced synaptic potentiation in corticosterone-treated mice (P,0.001), but not in vehicle-treated mice ( Figure 3B ). There was significant interaction between corticosterone and fluoxetine treatments (P = 0.0336), indicating that corticosterone facilitates the enhancement of the dopaminergic modulation by fluoxetine. In naive mice, the dopaminergic modulation at the mossy fiber synapse is mediated by D 1 -like receptors and nearly completely suppressed by the D 1 -like receptor antagonist SCH23390 [14] . In corticosterone-treated mice, the dopamine-induced synaptic po- Table 1 . Plasma fluoxetine and norfluoxetine levels (ng/ml).
Vehicle (n = 5)
Corticosterone (n = 6) tentiation was strongly attenuated by pretreatment of hippocampal slices with SCH23390 (30 nM) in both control and fluoxetinetreated groups ( Figure 3B ). The D 1 -like receptor agonist SKF81297 can induce slowly developing synaptic potentiation at the mossy fiber synapse [14] . This SKF81297-induced synaptic potentiation was enhanced by fluoxetine in corticosterone-treated mice (P,0.001), but not in vehicle-treated mice ( Figure 3C ). Thus, corticosterone facilitated the effect of fluoxetine on the D 1 -like receptor-dependent synaptic potentiation. The significant reduction of frequency facilitation by fluoxetine in corticosterone-treated mice may represent a change in the state of maturation of the dentate granule cells as shown in our previous study using high-dose fluoxetine [5] . To test this possibility, we examined expression of mature granule cell markers, calbindin, desmoplakin, and TDO [5, 15, 16] , by using quantitative RT-PCR. Fluoxetine significantly reduced expression levels of all these maturation markers in corticosterone-treated mice, but not in vehicle-treated mice (Figure 4 ). There was significant interaction between corticosterone and fluoxetine treatments for calbindin expression (P = 0.0257). This result supports the idea that fluoxetine at 10 mg/kg/day induced granule cell dematuration in corticosterone-treated mice.
Discussion
The present study has demonstrated that chronic corticosterone treatment facilitates the effects of fluoxetine on the gene expression in the dentate granule cells and on the dentate-to-CA3 signal transmission via the mossy fiber. In corticosterone-treated mice, fluoxetine at 10 mg/kg/day attenuated frequency facilitation at the mossy fiber synapse and downregulated the expression of molecular markers for mature granule cells. These changes are two major characteristics of the granule cell dematuration demonstrated previously in naive mice [5] . Therefore, these results suggest that corticosterone can facilitate the induction of granule cell dematuration by fluoxetine. Corticosterone also enhanced the augmentation of dopaminergic synaptic modulation by fluoxetine. The facilitated effect of fluoxetine is unlikely to be caused by altered drug metabolism, since there was no significant change in plasma concentrations of fluoxetine or its active metabolite norfluoxetine. Although we did not measure fluoxetine levels in the brain, a previous study reported no effect of corticosterone treatment on brain fluoxetine levels in a similar experimental condition [12] . This study by David et al. [12] examined stimulation of adult neurogenesis in the dentate gyrus by fluoxetine and also observed a facilitated effect of fluoxetine in corticosterone-treated mice. The central serotonergic system is essential for the granule cell dematuration and enhancement of monoaminergic modulation at the mossy fiber synapse by fluoxetine [5, 7] and for adult neurogenesis in the dentate gyrus [17] . Corticosterone locally infused into the hippocampus increases extracellular serotonin levels [18] . Chronic corticosterone treatment can attenuate 5-HT 1A autoreceptor-mediated inhibitory regulation of serotonergic neurons [19] , which could lead to enhanced serotonin release in the target regions of serotonergic projections. Therefore, corticosterone may facilitate effects of fluoxetine via augmentation of the serotonergic transmission. Since corticosterone itself tended to change synaptic facilitation and dopaminergic modulation in the same direction as fluoxetine, fluoxetine and corticosterone may synergistically modify mossy fiber synaptic transmission and its modulation via activation of the serotonergic system. However, while fluoxetine had no effect on paired-pulse facilitation at an interval of 50 ms at 10 mg/kg/day ( Figure 2D , see also [4] ) and even at a high dose sufficient for the granule cell dematuration in naive mice (data not shown), corticosterone has significantly reduced this form of synaptic facilitation. Thus, the effects of fluoxetine and corticosterone on the mossy fiber synaptic facilitation appear to be mechanistically different. At vertebrate central synapses including the mossy fiber synapse, presynaptic calcium transients or currents are facilitated by the paired stimulation with short inter-pulse intervals [20, 21, 22] , which can account for paired-pulse facilitation of synaptic transmission at least in part. Corticosterone may modulate this facilitation of presynaptic calcium transients, thereby attenuating paired-pulse facilitation at the 50-ms interval. At the calyx of Held, facilitation of presynaptic calcium currents can be induced at inter-pulse intervals shorter than 100 ms and declines during repetitive stimulation [20] . Therefore, the facilitation of calcium transients is less likely to be involved in frequency facilitation at 1 Hz and 0.2 Hz. Corticosterone has been shown to play an essential role in maintaining the anatomical and morphological integrity of the dentate gyrus and mossy fiber synapse [23] . Both lack and excess of corticosterone can impair the mature structure of the mossy fiber synapse [24, 25] , suggesting requirement of optimal concentrations of corticosterone for maintaining the structure. It is possible that corticosterone is similarly involved in the maintenance of the functional maturity of the granule cell and/or mossy fiber synapse, and that excess corticosterone destabilizes its matured state, thereby facilitating dematuration by fluoxetine.
Adult neurogenesis in the dentate gyrus is suppressed and enhanced by corticosterone and SSRIs, respectively [26, 27] , and SSRIs can reverse corticosterone-induced suppression of adult neurogenesis [11, 28] . Similar opposite effects of corticosterone and SSRIs have also been demonstrated for cell proliferation in the subventricular zone [29] and mRNA expression of brain-derived neurotrophic factor [30] . These previous results suggest that SSRIs could improve dysfunction of the central nervous system associated with chronic neuroendocrine disturbance in mood disorders. On the other hand, corticosterone and fluoxetine have been reported to additively downregulate 5-HT 1A autoreceptors in serotonergic neurons [19] . Our present study also showed that corticosterone tends to modify synaptic facilitation and dopaminergic modulation in the same direction as fluoxetine. Therefore, SSRIs may mimic or augment adaptive changes in the central nervous system associated with the neuroendocrine dysregulation. In corticosterone-treated mice, the dose of fluoxetine required for granule cell dematuration and marked enhancement of monoaminergic modulation was much lower than that in our previous studies using naive mice [5, 7] and fell within the range of the proposed optimal dose for mice [9] . The plasma level of fluoxetine was comparable to that of patients taking 80 mg/day fluoxetine, although the total levels of fluoxetine and norfluoxetine were higher in our study by about 70% [31] , most likely due to differences in drug metabolism between humans and mice. Therefore, in certain pathological conditions, fluoxetine could induce granule cell dematuration and monoaminergic hyperfunctions near clinically relevant drug levels. In humans, the therapeutic efficacy of antidepressants including SSRIs has been shown to depend on the initial severity of depression [32, 33, 34] . Substantial antidepressant effects can be seen in patients with very severe depression, but there are minimal or no benefits over placebo in patients with mild or moderate depression [34] . The severity of depression has been shown to correlate with serum cortisol levels in the dexamethasone suppression test that assesses HPA axis dysregulation [35] . Therefore, the neuroendocrine state could be one of factors determining antidepressant responsiveness. Our present finding may explain such a difference in antidepres- sant efficacy associated with the state of the neuroendocrine system.
In conclusion, chronic corticosterone facilitates fluoxetineinduced neuronal plasticity in the dentate granule cells. In corticosterone-treated mice, the granule cell dematuration can be induced by fluoxetine at the dose much lower than that required in naive mice. Our present finding may provide insight into the neuronal basis for enhanced responsiveness to antidepressant medication in humans in certain pathological conditions. 
